Using spin dependent specular and off-specular polarized neutron reflectivity (PNR), we report the observation of a twisted helical magnetic structure with planar 2π domain wall (DW) and highly correlated magnetic domains in a Gd/Co multilayer. Specular PNR with polarization analysis reveals the formation of planar 2πDWs below a compensation temperature (T Comp ), resulting to positive exchange bias in this system. Off-specular PNR with spin polarization showed development of magnetic inhomogenities (increase in magnetic roughness) for central part (thickness ~ 25-30 Å) of each Gd layer, where magnetization is aligned perpendicular (in-plane) to an applied field. These magnetic roughness are vertically correlated and results into Bragg sheet in spin flip channel of Offspecular PNR data, which is contributing towards an antisymmetric magnetoresistance at T Comp in the system. The growth and tunability of highly correlated magnetic inhomogeneities (roughness) and domain structure around T Comp in combination of twisted helical magnetic structure with planar 2πDWs will be key for application in all-spin-based technology.
The Gd/Co multilayer was grown using dc magnetron sputtering [24] on a Si (100) substrate (see Supplemental Material [25] ) with a nominal structure:
Si/[Gd(140Å)/Co(70Å)] ×8, where 8 is the number of repeats. Fig. 1 (a) shows the x-ray diffraction (XRD) patterns recorded for a Gd/Co multilayer along with single Co and Gd films. In contrast to earlier studies on Gd/Co multilayer systems [26, 27] , where a hcp structure for the Gd layer was observed, we found that the Gd layer has grown with a polycrystalline fcc structure [28] . However, Co has grown with a polycrystalline hcp structures. These results are consistent with an earlier study on Gd/Co multilayers grown on glass substrates [29] . Fig. 1(b) shows the x-ray reflectivity (XRR) data for the Gd/Co multilayer. Analysis of the XRR data provides the individual layer thickness, electron scattering length density (ESLD) and roughness at different interfaces of the multilayer [30, 31] . Inset (i) of Fig. 1(b) shows the ESLD depth profile of the multilayer extracted from the XRR data. Parameters obtained from XRR are given in table S1 [25] . Small variations in roughness of each interface were considered to get the best fit to the XRR data. XRR results are corroborated by secondary-ion mass spectrometry (SIMS) measurements. SIMS data for a bilayer at the substrate interface of the multilayer is shown in the inset (ii) of where H c starts decreasing.
The exchange bias at 5 K was further confirmed by measuring the in-plane magnetic hysteresis loops ( Fig. 2(a) ) of the multilayer after field cooling (FC) from room temperature in an applied magnetic field (H) of ~ ± 500 Oe. A shift of the hysteresis loop along the H axis was observed towards negative (positive) fields on cooling the sample in a field of +500 Oe (-500 Oe), confirming the negative exchange bias in the system. The magnetic field dependence of the MR data at 300 and 200 K, show almost reversible (saturated) regions beyond the resistance peaks, similar to other magnetic multilayers.
However the resistance peaks are at much higher field then coercive field ( Fig. S2 [25] ). We obtained irreversible and antisymmetric MR at 125 K. MR data at 100 K and below, again show the symmetric MR peaks. Although we observed additional irreversibility (separation)
in the MR data when the H is scanned in opposite directions. Irreversibility in the MR beyond the peak region for different H direction decreases on decreasing the temperature.
In order to understand the correlation of the macroscopic magnetization (SQUID) and MR properties of the multilayer, we have studied the depth dependent structure and magnetization using PNR at different temperatures. The inset of Fig. 3 (a) shows the schematic of a PNR experiment with the ray diagram of scattering in Q space ( Fig. S3 [25] ).
PNR measurements were carried out using the OFFSPEC reflectometer at the ISIS Neutron and Muon Source, RAL, UK. PNR data were taken in the H of +500 Oe at different temperatures upon warming the sample, after the sample was cooled at the same field from 300 to 5 K. Spin dependent specular (Q x = 0) PNR with polarization analysis, i.e., non-spinflip (NSF), R ++ and R --, and spin-flip (SF), R +-and R -+ , reflectivities, are used to determine the magnitude and direction of the magnetization vector along the depth of the multilayer [32 -34] . For these measurements NSF probes the projection of the magnetic induction vector parallel to the polarization direction, while SF are sensitive to the perpendicular component ( Fig. 3(f) ). It is noted that Gd exhibits a large absorption for thermal neutron, which is wavelength dependent [36] . Using PNR data with ( Fig. 3(a) ) and without (PNR data up to larger Q Z ~0.16 Å -1 , Fig. S5 [25] ) polarization analysis were used to fit the ρ N for Gd . We obtained ρ N = (1.05 + i. 3.42) ×10 -6 Å -2 for Gd [25] . PNR data in Fig. S5 [25] also suggested an AF coupling of Gd-Co layer. The strong AF interaction in this system persists even for thicker Gd (~ 140 Å) and Co (~ 70 Å) layers, which may be due to the large exchange coupling (J AF = -2.1 × 10 -15 erg) [26] between Co and Gd spins as compared to the Zeeman energy (μ B H = 4.6 × 10 -18 erg for H = 0.5 kOe, field applied to the sample for the PNR measurements).
We didn't observe any SF ((R +-+ R -+ )/2.0) signal at 300 K ( Fig. 3(a) ), suggesting Strong SF signals are observed in the specular PNR data at 125 K and 5 K. Fig. 3(c) clearly suggest additional modulation in the PNR data at these low temperatures e.g., a decrease in the intensity of R ++ data around the 1 st order Bragg peak and a splitting of 2 nd order Bragg peak for R ++ (for 125 K), suggesting a modification in the magnetic structure.
Attempts to fit the PNR data at 125 and 5 K with homogeneous Gd and Co layers failed to reproduce the observed results and thus we considered a helical magnetic structure as depicted in Fig. 3(f) . We have split the individual Co and Gd layer into sub layers with a constant magnetic moment within the Co and Gd layers but varying the angle of rotation of the magnetization with respect to the H i.e. a helical structure. PNR data at 125 K reveal that the magnetization in both the Gd and Co layers rotate by 2π and form a planar 2π DW structure [23] as shown in Fig. 3(g) . However, at the interfaces, Gd and Co are coupled antiferromagnetically, where Gd (Co) is aligned along (opposite) the H, which is consistent with the earlier findings for RE-TM system [35] . We have plotted the observed magnetization rotation angle in Fig. 3(g While the magnetization of the Gd sub-layer forms a 2π rotation within the Gd layer, which follows 0-π-0 rotation, instead of full 2π (0 to 2π), as shown in Fig. 3 (g).
While specular PNR as a function of Q Z provides depth profiles of the nuclear and magnetic structures, the lateral wave vector transfer Q X provides information on the correlation of lateral magnetic inhomogeneities (roughness and domains) in the sample plane, via off-specular scattering (see Supplemental Material [25] ) [37] [38] [39] . AF-coupling of RE-TM systems has been attributed for the formation of planar DW (2π DW) at the interfaces [40] . These 2π DWs were responsible for the origin of exchange bias, attributed it to specific configuration of mutually perpendicular direction of the domain wall, the current, and the magnetization. In contrast, Xiang et al [44] observe the antisymmetric MR only when the field and current were parallel to each other. It is noteworthy that we observed antisymmetric MR only at T Comp (125K) where we found highly correlated magnetic domains at the middle part of each Gd layer, using spin dependent off-specular PNR. We believe evolution of these highly correlated magnetic domains (with increase in magnetic roughness) at T Comp , where magnetization are aligned perpendicular to the H, are responsible for antisymmetric MR. The antisymmetric MR can be explained qualitatively in line with ref. [43] as an increase in magnetic roughness (inhomogeneities) at T Comp which will perturb the current propagation (electric field) and the electric field will be reversed upon magnetization reversal. However the variation of helical magnetization as a function of temperature may contribute towards the additional irreversibility in MR across T Comp.
In summary, we have observed negative exchange bias in Gd/Co multilayer below the compensation temperature (T Comp =125 K), which increases with a decrease in temperature. 
Sample Growth:
The Gd/Co multilayer was grown using dc magnetron sputtering on a Si (100) substrate with a nominal structure: Si/[Gd(140Å)/Co(70Å)] ×8, where 8 is number of repeats. The multilayer was deposited under argon gas partial pressure of 0.2 Pa. Before deposition a base pressure of 1×10 -5 Pa was achieved to avoid any contamination. The substrate was kept at room temperature during the growth of multilayer. For greater uniformity, substrate was rotated along its own axis at 60 rpm. Before deposition of Gd/Co multilayer we optimized the growth of the Gd and Co layers individually (single layer) on Si (100) substrate. The crystalline structure of the films grown on Si substrates was characterized by x-ray diffraction (XRD) technique. We obtained fcc crystalline structure for Gd and hcp crystalline structure for Co. The fcc crystalline structure observed for Gd in present Gd/Co multilayer might be one of the reasons for growth of well defined multilayer structure of Gd and Co, without formation of an alloy layer during deposition. However the growth parameters (argon partial pressure, substrate temperature etc.) will also influence the growth and layer structure of the heterostructures.
Macroscopic magnetization (SQUID) measurements and magnetoresistance:

Fig. S1: M(H) data at different temperatures from Gd/Co Multilayer.
For magnetoresistance (MR) data we have measured the resistance using the four probe technique. MR measurements were carried out in longitudinal direction i.e. applied magnetic field and current are in the same direction and along the plane of the film. Fig. S2 shows the magnetization and MR at 300 K. It is evident from Fig. S2 that MR data at 300 K from multilayer exhibits resistance peaks at two magnetic fields (H p ), which is larger than the corresponding H c. In general H p and H c for metallic multilayer coincide with each other.
While the coercive field characterizes the random magnetization direction in the entire sample, the peak of the magnetoresistance curves is also an indication of the disordered 
X-ray and Polarized Neutron Reflectivity:
X-ray reflectivity (XRR) and Polarized neutron reflectivity (PNR) are two nondestructive complementary techniques used to obtain the depth profiles of chemical and magnetic structure in multilayer sample with a depth resolution of sub nanometer length scale, averaged over the lateral dimension (~ 100 mm 2 ) of the sample [2] [3] [4] [5] [6] [7] . Fig. S3 shows the schematic of reflectivity measurements. Reflectivity can be measured in two modes [7] [8] [9] [10] [11] [12] :
(a) specular reflectivity (where angle of incidence (θ I ) is equal to angle of reflection (θ F ), i.e. Specular XRR and PNR data can be fitted using a genetic algorithm based optimization program [13] which uses Parratt formalism [14] . Layers in a model consisted of regions with different electron SLD (ESLD). The parameters of a model included layer thickness, interface (or surface) roughness and ESLD. Errors reported for parameters obtained from XRR measurements represent the perturbation of a parameter that increased goodness of fit parameter corresponds to a 2σ error (95% confidence) [15] . Reflectivity is shifted for better visualization. Fig. S4(d-f) shows the corresponding electron scattering length density (ESLD) depth profiles, which best fitted XRR data shown in Fig. S4(a-c) . These samples were grown to optimize the growth condition for Co, Gd and 
Gd
Co/Gd bilayer on Si substrate. Also XRR was used to estimate the thickness of each layer in the heterostructure.
Layer structure parameters (thickness, ESLD and roughness) obtained from XRR data for Co/Gd multilayer are given in Table S1 . We obtained an average roughness of ~ 8±2 Å and 4±1 Å for Gd/Co (Co on Gd) and Co/Gd (Gd on Co) interfaces. ESLD value for Co and Gd are very close to their bulk counterparts. 
PNR without polarization analysis:
PNR measurements without spin analysis (R + , spin up and R -, spin down reflectivities) have been carried out at the neutron reflectometer POLREF at the ISIS, Rutherford Appleton Laboratory. Fig. S5 (a) shows the PNR, R + (•) and R -(Δ), data and corresponding fits (continuous lines) at different temperatures from Gd/Co multilayer. We have also collected temperature dependent PNR data without polarization analysis upto a larger Q Z (~0.16 Å -1 ), while warming the sample from lowest temperature (~ 5K) after field cooling the sample in a field of 500 Oe from room temperature. It is evident from MSLD depth profile (Fig. S5(c-e) )
that Gd and Co are antiferromagnetically coupled. At 300 K only Co is ferromagnetic. At 200K, Co moments are aligned along the field whereas Gd moments are aligned opposite to the applied field and vice versa at low temperatures (125 K and 10 K). It is noted that Gd exhibits large absorption (Σ abs ~ 65000 barn for neutron of wavelength = 2.5 Å) for thermal neutron, which is wavelength dependent [16] . Therefore we have used these data (upto larger Qz) to fit the nuclear coherent scattering length density, ρ N, for Gd. We obtained ρ N = (1.05 + i. 3.42) ×10 -6 Å -2 for Gd which along with ρ N for Co (Fig. S5 (b) ) were kept constant while analyzing the PNR data at other temperatures and only magnetization was varied. The value of ρ N for Gd is very close to (0.96 + i. 3.12) ×10 -6 Å -2 for a neutron of wavelength 2.6 Å, reported in ref. [16] and as reported by Lynn et.al. [16] , it nearly remains constant for wavelength above ~2.6 Å. field were analyzed with a genetic algorithm based optimization program [13] which uses a matrix [8] and supermatrix method [11] . Offspecular PNR data was analyzed using supermatrix method [9, 10, 12] within the framework of distorted wave Born approximation (DWBA). Using chemical structure (i.e. thickness, roughness at interfaces and number density) for multilayer as obtained from specular XRR, specular PNR data were fitted to obtain depth dependent lateral averaged structure (NSLD) and magnetization. Depth Off-specular reflectivity with a diffusion profile along Q X originates from structural/magnetic roughness and random in-plane magnetic domains at interfaces [9] [10] [11] [12] .
Like specular reflection, off-specular reflectivity is also a coherent phenomenon of constructive interference from neutron wave reflected from these in-plane inhomogeneities within the coherence volume of the sample. The off-specular spin dependent PNR reflectivity (intensity map or Q X -Q Z map) can be calculated assuming a Gaussian-like lateral roughness structure factor, ( ) for vertically correlated interfaces [12] : 
